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THE TWO-PHOTON LASER
T. M. Il'inova

The stationary regime of a two-photon laser and its
stability are studied. Resonance curves for the excita-
tion of stationary oscillations are compiled. The non-
stationary processes in this system are investigated in
the approximation of the given field. When the excita-
tion conditions are fulfilled, the laser emits an
impulse having the frequency wy (frequency of the

operating transition w21 = w, + Wos where o is the
field frequency E2 > E;hresh from an outer source).
The impulse strength and its duration depend essentially
on the magnitude of the field E,. If E2 > 1, then
thresh
)

the emitted impulse has a symmetrical form and its

energy and duration are determined by the field E2. In
the case of ___g_____.>>1, the signal energy depends only
Ethresh
2

on the properties of the active medium. The duration of
the leading edge is determined by the magnitude of the
field EZ; the duration of the trailing edge equals the
damping time Ty of the resonator at the frequency Wy
Initial Equations. Stationary Regime of a Two-Photon Laser [39%

The basic equations describing non-stationary processes in a two-photon
laser were obtained in (Ref. 1-3). With allowance for the phase relationships,
these equations have the following form (Ref. 3)
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where El and E2 are the field amplitudes which change slowly with time (as

compared with ei®n®t, n = 1, 2) in a resonator at the frequencies Wy and Wys

respectively. The frequency of the operational transition Woy is related to

21 = Wy ey Py -
polarization of the active substance located in the resonator; ¢ = ¢1 + ¢2 -y -

the eigen frequencies of the resonator by the relationship w

phase difference between fields in the resonator and the polarizationm of the

substance; Ql’ Q2 - quality of the resonator at the frequencies Wys Wo3 N21 -
population difference between the operational levels; the quantities Ngl and

T1 are related to the transition probability by the following relatiomnships:
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The terms in the right hand sides of equations (1), which have the proportlon—
ality coefficient a, correspond to two-photon processes. The terms 2A(E2 + E2 )

and 2B(E% + E%)N21 are related to the non-resonance effect of the fields E1

and E2 on the population of the working levels.

Equations (1) were obtained on the assumption that the second operational
level is a metastable level, and it is assumed that the following conditions
are fulfilled:
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It was shown in (Ref. 4) that the derivatives dP3 and 92 in the first and

dt
dt
fourth equations of system (1) may be disregarded, if
O NpmnPEAEy 1 3)
2Qn ' e 200 gy " Ty ‘

Inequalities (2) and (3) will be fulfilled if

Wi << 108sect, Q, > 5. 10 E,E, ~ 18" CGSe. (4
0 25 =3 . _ 18 -1
N21 << 10 cm ~, and it was thus assumed that W31 + W32 = 10" sec 3

0, = 10%sec Y 0y, =5 10%gec 1, p2, > Pl = 1073 DGSs,

Pl 1074 CGS2, T, ,~10- gec

When condition (4) is fulfilled, the system of equations (1) is simplified
and assumes the following form:
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Equations (5) differ from the equations analyzed in (Ref. 2) by the fact that
the phase relationships are taken into account. Following a procedure
similar to that employed in (Ref. 2), we may select the incoherent pumping
W13 in such a way that we may disregard the non-resonance effect of the fields

E1 and E2 on the population of the operational levels. In the case of

W13 >>W21 and Qrl = 107, this condition may be reduced to the following

requirement

Ny £ 1022 cm~3, (6)

When inequality (6) is fulfilled, the system of equaitons (5) may be written
in the following form
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Three equilibrium configurations are possible in the system:
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Figure 1

Dependence of Stationary Amplitudes of the Fields E; and Ey and

the Population Difference N7 on the Frequency Difference Aj.

The Branches u', z' of the Resonance Curves are Always Unstable;
the Branches u'", z'" are Stable, if the Inequality Given in (Ref.

9) is Fulfilled.

(7)



The second and third equilibrium configurations exist only in the case
of z, > 2 in the frequency difference range

A; e ngn/___ ‘//“ + }\’2) (-;(2) o l) < A‘ < A; . 2‘;"_ 4

s (T ). ®

The dependence of u', u'" and z', z" on the frequency difference Al is shown

in Figure 1.

A study of the stability of the representative point motion close to
the plane v = 0 [just as was done in (Ref. 2)] shows that the equilibrium
state (7, a) is always a stable node. The characteristic equation for the
two other equilibrium configurations has the following form

1442 14 A2
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The state of equilibrium (7, b) is always a saddle. The stability of the
equilibrium configuration (7, c) changes as a function of the quantity z as
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If the third equilibrium state is stable

LA ~ Y bt (9)
2 7 Y
rigid excitation of the fields El and E2 is possible in the system in the

frequency difference range (8). 1In order to start a two-photon laser, it is
necessary to supply it with a field E, (or El) > E v u' from a foreign source.

If condition (9) is not fulfilled, then -- as was shown in (Ref. 2) -- an
unstable limiting cycle exists in the system. In this case, a two-photon
laser can emit only a single impulse in the frequency difference range (8)
in the case of z, > 2.

0
In order that configurations 2 and 3 may exist, it is necessary that
‘A; 1021 =3 -1 : = 10° ~1
NO 13 2 5-104* cm™- sec /2 (G.e., 29 2 2). If W13 10” sec™, then NO

must be > 5-1018 cm_3. The third equilibrium state is stable if N0>4-1019cm'3.

5



Analysis of Non—-Stationary Proc¢esses in a Two-Photon Laser
in the Approximation of the Given Field

Let us assume that the process 1is incoherent and that the parameters
of the system are such that the following inequality is fulfilled, besides
the conditions (2) and (3)

NO _
4 24 (B} + ED) — [Tl + 2B (F 4 E%)J & aE EMN . (10)
1 1

The occurrence of the term EN21 in the right hand sides of system of equations

(5) is caused by the fact that, when an active substance is introduced into
the resonator, its eigen frequency changes. When the non-stationary processes
are analyzed, this effect is not taken into account. We shall assume that

the frequency difference Al equals zero.

When (10) is fulfilled, the system of equations (5) acquires the

following form ds 5
———Jt-l——- = BIS)S2N2[ - = “‘ y

T

ds, S,
—2 — BS;S;Ny — -2 ,
it 102V ey " +f (11)
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where §, = ~- is the density of photons having the frequency W s N21 -
. n
—- hao,
2

population difference of the operational levels; f - determines the intensity
of the foreign source having the frequency Wy3

By - Ant0,0,02,0°Ty, ~4-6-10-2 cyfsec 1,
Let us examine the case when the field E2 is given from a foreign source

with the intensity f, and the quality of the resonator is sufficiently small
at the frequency Woe We then have from the second equation in system in (11)

T,f .
= e 2
Ss 1 — B, SitaNoy (12)

Assuming that the”éondition B13112N21<<l is fulfilled, we find that SZ% Tzf =

= const,

Integrating the third equation of system (11) for N,, under the initial
L _ _ 0 . 21
condition N21(t = ~») = N21, we obtain

t

—BSe | Sidt
. 13
N21 = Ng|e e . ( )
Then the first equation of system (11) assumes the following form after
simple transformations dx, 0
1T Nog [l — e " -—a,x,], (14)
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t
where the variable X, = f Sldt is proportional to the energy of the

radiation burst at the frequency w,, o

o (the occurrence

s =BS; ='—0
1 1 172 1 T1N21
of spontaneous radiation may be taken into account, by assigning the initial
condition for Sl: Sl(-w) = Slo).

The right hand side of equation (14) has one or two non-negative roots

depending on the relationship between the parameters oy and aq-

5 ¢ 1, the right hand side equals zero only in the case of X, = 0.
1

. . . . _ 1
This means that the system is not excited in the case of SZ<SZO = EI?IEQI

i.e., there is a certain threshold value for the intensity of the outer source
at the frequency w

If

2! f b Sa
Byv TNy o "
thresh £1tiTe¥y ’ 5
91 _ Sy ' |
fn the case of o, S > 1, the right hand side of (14) has two non-
1 20
negative roots: |
\a -
t1~0and x‘: '(IQ 1 .
) (16)

When equation (14) is analyzed, it may be readily seen that the root

X, = 0 is unstable; xl' is a stable root. It determines the energy of the

radiation burst at the frequency wy when there is a small increase in the

excitation threshold (15).
o]
If ;l->> 1, then the roots equal
1 . 1
xl —_— U andX| e . (17)

1L

When there is a significant increase in the excitation threshold, the energy

of the radiation burst xl" is only determined by the properties of the system,

and does not depend on the intensity f of the outer source.

Equation (14) may be integrated in two limiting cases: a1 > 1 and

o
g1 Xm 1
— >> 1. Figure 2 shows the dependence of S, =~ on x,. Curve 1 was
oy 1 dt 1

o} o
compiled for the case _l > 1, and curve 2 was compiled for case —L » 1,

a1 a
o
In the case of al.z_l, equation (14) may be integrated with expansion of
1=

-01%x7 in series: 2?
e 01%1 e-om = | — g0, + AL
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Then the solution of equation (14) assumes the following form
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Figure 2 Figure 3
Dependence of the Photon Density =~ Form of the Radiation Burst at the
=t . - 1
S1 of Frequency wy om X, f S1dt; Frequency w,. a in the Case ollal 2
~e > 1; b - in the Case ol/al >>1.
X is Proportional to the Energy
of the Radiation Burst. Curve 1
was Compiled for the Case ol/al > 1;
2 - for ol/al >> 1.
We thus have
. 2f
S,o“Sm CII'Q[ "-'Vl . (18)

The radiation burst at the frequency wy has a symmetrical form in the Sasg of

(o 1

_1 > 1 (Figure 3, a). 1Its duration t, = ——§—§—~6-, amplitude S'10 1™ N21 ,
)

0y gy x lN21 3

and energy x'1 [relationship (16)] depend essentially on the intensity f of

the outer source.

o .
The number of active atoms decreases from N21 in the case of t = -» to
0

1]
NZl(t =+ ®) = N21e—01x1 when there is a radiation burst:
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In the case 1 >> 1, curve 2 in Figure 2 may be approximated in the form
a

1 ‘ e
for —oo<x <y ———ln-t, (19)
d,\" 0
T - 04Xy
pr Nai ( e )
and foT LKoo Ll Na(l - @), (20)

Equations (19) and (20) may be readily intégrated, and their solutions have
the following form

(4]
Na

S

- : i 0 <0, (21)
Nay | gt
NE )
U
0
S, - Sie Mo 0<t< + oo, ‘; (22)

where

Sip — Ng,( _m _g_,_,ng_.) ,

(451 0y 0,y

For large intensities of the outer source at the frequency wz(f_l >>9, the
o
1
radiation burst has a non-symmetrical form (Figure 3, b). The duration of
its leading edge is determined by the intensity of the source

¢ = ———— 23
t"edge B]Nglrgf ' ( )

i
the duration of the trailing edge depends on the quality of the resonator
at the frequency w

. fy =1, — L
édge ) (24)
The amplitude of the impulse
Y ( MM |n£1>
Sio o | , P, (25)
0 g
strives to N21 in the case of _1 - =,
*1
- In the case of a radiation burst, the population difference decreases
according to : ' Ny
Nz] T | no, I K 0, (26)
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0 St W My (26)
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The expressions obtained (18), (21), (22) for the radiation burst characterize
the transitional process to a stationary regime [which was described in (Ref.2,
.3,)] in a two-photon laser in the approximation of the given field. Let us

- estimate the values of the fields El’ E2 under which condition (10) is

;fulfilled. We shall assume that

©y, = 1,8. lO"’sec"I @y = 1,2- 108 sec-, @, = 0,6 X |08 sec-t, Q,r!O
a = 4-10-% CGSE; p?, == 10-* CGSE; N}, L 10 cM3 g — 2,5« lO‘“sec
= p}, = 10-%" CGSE B, —=4,6:10 % ¢x *sec.

With allowance for expressions (13) and (14), for N and S, inequality

22 1
(10) is equivalent to the requirement: NO <<1022 em™3 and
e vm L TN a0 ™M), (27)
1t may be readily seen that inequality (27) is only fulfilled for the central
pertion of the radiation burst Sl’ if Tl o + a1 . In order to describe

= > ——
the excitation process of the system (t >~ -») and its approach to a stationary

regime (t - '+ =), we must take into account spontatneous radiation. TFor the
given system parameters; the condition of laser excitation is fulfilled if

the intensity of the outer source is such' that S2 > 520 =1.3-1015 em=3, Let
82 = 1.43 . 1015 cm‘3, then o1y = 0.6 - 10-12 cp—3 sec; o, = 0.6°10712 cp~3 sec;
Sl_= 1.1. The radiation burst has the following parameters: energy of the
o
1 hw,c Joule
burst ﬁi = x'l = 42 - duration t0 = 0.66 p sec, and the peak
8 thuqc cm?

. 15 -3 = 6.10-12

strength PlO = 60 'E%- 1f S = 13 10 cm™ 2, then 9 610
o}

seC'cm"3; a; = 0.6'10"12 em—3 sec; _}_ = 10, and the parameters of the

o
1
radiation burst in this case are calculated  according to formulas (17), (23-

25): energy of the burst_;{ = 250 Joule/cmz, duration of its leading edge

ted e T 1.7:109 sec, duration of the trailing edge t%d T, < 1.7-1078 sec,
& gigawatt
1" =
peak strength P10 12.5 cm? .

If T, = 1073 sec, then condition (12) is fulfilled up to Sl << 2-1018 cm™3

Inequalities (4) are also fulfilled. Since the duration of the laser pulse

10
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(from the outer source) is on the order of 1 p sec, then it may be assumed

that S2 is constant for 1 u sec. Thus, a certain initial number of photons

820 at the frequency w, [formula (15)] is necessary for the excitation of a

two-photon laser. When the condition of self-excitation is fulfilled in
the approximation of the given field E2, the system generates an impulse of

the frequency Wy . The form of the impulse depends essentially on the

. relationship between the parameters of 'the system and the field Ez.
An approximate analysis of non—stétionary processes in a two-photon
laser in the case of a self-consistant field is performed in (Ref. 4-5).

The author would like to express his deep appreciation to Professor
R. V. Khokhlov for his constant attention to this study.
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